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ABSTRACT 
 
Steady and pulsed flow stationary impinging jets have been employed to simulate the wind field 
produced by a thunderstorm microburst. The effect on the low level wind field due to jet 
inclination with respect to the impingement surface has been studied. A single point velocity 
time history has been compared to the full-scale Andrews AFB microburst for model validation. 
It was found that for steady flow, jet inclination increased the radial extent of high winds but 
did not increase the magnitude of these winds when compared to the perpendicular 
impingement case. It was found that for inclined pulsed flow the design wind conditions could 
increase compared to perpendicular impingement. It was found that the location of peak winds 
was affected by varying the outlet conditions. 
 
1.0 INTRODUCTION 
 
In many parts of the world, thunderstorms produce the mid to high return period design 
wind speed. Apart from tornadoes, the most intense type of thunderstorm winds are due to 
small scale downburst events called microbursts. Fujita (1990) describes a microburst as a 
descending column of air, which upon reaching the ground undergoes a violent divergence with 
damage causing winds spreading to a diameter of up to four kilometres. Microbursts are 
initiated within a convective cloud and can occur as isolated events or as a cluster of multiple 
downdrafts. In its simplest conceptual form the downdraft is a density driven acceleration of 
high-level air/water mass to ground level. Fujita (1985) gives many examples of recorded 
microbursts showing the angle of impact to be between 45° and 90° to the surface, Fig.1.  
To date, physical simulation of microbursts has solely focused on the perpendicular 
impact case. This research aims to determine the effect downdraft inclination has on the loading 
of small structures. Inclination angles of θ = 0°, 15°, and 25° from perpendicular have been 
tested with steady state and pulsed flow simulations. To create the pulsed downburst flow an 
impinging air jet with an easily punctured latex membrane was used to produce the vortex ring 
at the leading edge of the flow. This method of pulsed downburst simulation is validated against 
the full-scale recorded time history from the Andrew AFB microburst. The effect of jet 
inclination was measured by simultaneously recording the induced surface pressures on 20 mm 
cubic structures placed at a number of radial positions from the jet impingement centre line. 
Mean and peak drag coefficients are compared for the steady state and pulsed flow respectively. 
Due to the highly non-stationary nature of the pulsed flow a comparison of means was not 
possible for this regime, thus the use of peak coefficients.  
 
 
Fig.1: Example of inclined microburst and its impact with the ground, after (Fujita 1985). 
 
The second objective of this research was to determine the effect of varying the 
orientation of the jet outlet with respect to the impingement surface. The flow was tested with 
the outlet perpendicular to the jet centre line and with the outlet parallel to the testing surface, 
shown schematically in Fig.2. These tests were done to determine whether the outlet conditions 
or the jet itself controlled the orientation of the circular impinging vortex ring axis. It was 
believed that by changing the outlet conditions the impinging vortex ring axis would also be 
changed thereby changing the measured surface pressures. The comparative location of the 
vortex ring can be estimated by measuring the relative time between the gust front drag 
coefficients upwind and downwind of the jet centre line.  
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Fig.2: Jet outlet configurations used, jet axes arrangements and hypothesised vortex orientation. 
 
 A point velocity measurement near the impingement surface (ground) was also recorded 
so that the experimental velocity could be compared to some full-scale data presented in (Fujita 
1985) so medial validation of the test method could be provided. 
 
2.0 EXPERIMENTAL SETUP AND PROCEDURE 
 
 The steady jet wind tunnel in the Department of Civil Engineering at The University of 
Sydney was used to create the jet flow for experimentation (Fig.3).  The diameter, D, of the jet 
outlet was 0.31 m. For further tunnel specifications refer to Wood (2001). The pulsed flow was 
produced by stretching a thin latex membrane across a 0.5 m circular hole cut into a support 
board positioned approximately 10 to 20 mm from the jet outlet. When the jet was turned on, 
the small gap between the membrane and the jet outlet allowed flow to be diverted away from 
the testing surface leaving a still field near the test surface. The membrane was stretched to 
such an extent that when the jet was impinging it, flexure at the mid point was approximately 
20-30 mm.  The membrane was then burst with a blade connected to a thin metal rod causing 
minimal disturbance to the outlet flow.  The time taken for the membrane to retract out of the 
jet flow was less than 1/25 seconds (time for 1 camera frame). This pulsing mechanism allowed 
for the entire jet diameter to be used for formation of the leading edge vortex.  
The mean jet outlet velocity was approximately 13 ms
-1
 measured at the centre of the jet 
with a turbulence intensity of less than 2%. The testing surface was positioned 1.5D from the 
outlet. The distance from surface to outlet was always measured along the jet centre line as 
shown in Fig.3. The jet itself was unable to be rotated, therefore to obtain the variable jet 
inclination angles the impingement surface was rotated as shown in Fig.3. The crown 
configuration used to alter the jet outlet conditions is also shown. 
 
 
Fig.3: Experimental jet setup. 
 
Three identical cubic models were used for the testing, each with a side length of 20 
mm. Four pressure taps were positioned on each building; three taps on the vertical centre line 
of the windward face at heights of 1.5 mm, 6 mm, and 12 mm, and a single tap at the centre of 
the leeward face. The cubes were positioned at ±X/D, and +Y/D locations (refer Fig.2) equal to 
0.8, 1.0, 1.2, 1.5, and 2.0. X and Y axis are local board axes, with +X representing the 
downwind side of the impingement centre, -X, the upwind, and +Y representing the 
perpendicular axis coinciding with the rotational axis of the board (into the page in Fig.2). 
Pressures were taken using a Honeywell pressure scanning system sampled at 1000 Hz and low 
pass filtered at 300 Hz.  
Simultaneous pressure time histories for each model were integrated to give a drag force 
time history. The required mean or peak drag force was then extracted from the time history. 
 The test procedure consisted of five repeat tests in each configuration. The models were 
first placed at the radial distance of X/D=2.0 and the board set at an inclination angle of 0° the 
jet started, the flow pulsed and pressures recorded simultaneously on the three models. The 
process was then repeated with the impingement board rotated through 15°. Once these tests 
were complete a ‘crown’ was attached to the jet outlet so that the outlet itself now became 
parallel to the impingement surface, Fig. 3. The membrane was moved so that it remained 
parallel to the jet outlet. The test procedure was repeated for all inclination angles and radial 
positions. Measurements were taken long enough to capture the peaks associated with the initial 
gust front and an additional 15 seconds to determine the steady state mean. 
 All length measurements are referenced to the jet outlet diameter, D, while all pressures 
are expressed as pressure coefficients, Cpj(t), referenced to the mean dynamic pressure at the jet 
outlet, Eq.(1).  For ease of representation the three windward time histories from each model 
were converted to a windward face drag force time histories, Eq.(2). This method of drag force 
representation has been used instead of a typical drag force (i.e. windward – leeward) so that 
the correlation of windward and leeward pressures is not considered in the assessment. This 
method is thought to be acceptable for the pulsed flow because the high pressure region caused 
by jet impingement does not form until after the vortices pass, thus the results do not require the 
leeward pressures to remove the static pressure. The high pressure region is however formed for 
the steady flow and thus it has been analysed with standard drag force coefficients, Eq.(3).  
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 In Eq.(1) Pi(t) represent the pressure measured at a tap, i, Patm(t) represents the ambient 
atmospheric pressure measured away from the test setup at the time of Pi, ρA is the air density, 
and JETV  represents the mean steady jet outlet velocity. In Eq.(2) Cdw is the windward face drag 
coefficient while δA and A represent the tributary area for each tap and the entire windward face 
area respectively. 
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 Velocity measurements for experimental validation were recorded at a radial position of 
X/D=1.0 and at a height of approximately 1.5 mm from the testing surface (θ = 0°). The 
velocity was recorded with a 4-hole cobra probe and sampled at 1250 Hz. Five tests were again 
conducted to ensure repeatability. 
 
3.0 RESULTS AND DISCUSSION 
 
 This section shall be broken into three parts; the first will briefly discuss the flow field 
characteristics produced by the pulsed jet, the second will briefly justify the low level velocity 
field, and the third will discuss the influence of jet inclination on low level loading of 
structures. 
 
3.1 Flow field characteristics 
The flow field of a steady jet impinging a surface is relatively well known and can be 
simply understood by referring to previously published articles (e.g. Wood et al. 2001, Mason 
2003). What requires more explanation is the structure of the pulsed impinging flow produced 
by the sudden bursting of the membrane. Fig. 4 shows an overlay of five individual model cube 
windward face drag force time histories recorded downwind at a radial position of X/D=1.0 
with a jet inclination angle of 25°. The time scale has been non-dimensionalised by Eq.(4) with 
t* being the normalised time. 
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Fig.4: Overlay of five individual windward 
face drag force time histories, X/D=1.0, 
inclination of 25°. 
Fig.5: Averaged peak suction pressures 
measured on the impingement surface for 
0° inclination. 
 
 The bursting peak indicated in Fig. 4, is the propagation of a pressure pulse due to the 
rapid change in upstream flow conditions (bursting of the membrane). Two distinct peaks are 
noted in Fig.4; the individual and relative magnitudes vary with radial position and jet 
inclination angle. Through flow visualisation and previous experience (Mason 2003) it is 
known that the first peak is caused by the passage of a vortex ring formed at the leading edge of 
the impinging flow which upon impact with the ground diverges as an expanding vortex ring. 
The second peak is known to be due to a second vortex that forms at the jet outlet and trails 
shortly after the first. The two vortex rings impact the surface at different radial positions 
leading to peak loading at different positions. A study of the largest suction pressures measured 
on the impingement surface confirms that there are in fact two impact points, the first at 
X/D=1.0 and the second at X/D=1.4-1.6, Fig. 5. The peak suctions shown in Fig.5 are an 
average of 10 individual peaks. Results for the first and second peak have been separated so 
that the decay of individual vortices could be assessed. It is believed that the first vortex is of 
most interest with respect to reproducing an ideal gust front as it is this vortex that moves 
through an essentially still environment. Therefore it is the influence of the first vortex that 
shall be discussed herein. 
 
3.2 Flow field validation 
Fujita (1985) details the velocity time history measured at an elevation of ~ 5 m through 
the centre of the Andrews AFB translating microburst (Fig.6). This microburst is one of the 
most severe ever recorded at a low elevation. From the reported data the translational speed of 
the storm was approximately 10 ms
-1
 and the downdraft diameter can be roughly estimated to 
approximately 1 km. If it is assumed that the surface velocity is simply the sum of the wind due 
to the downburst and the translational speed of the thunderstorm an approximation of the non-
translating downburst intensity can be made. Using a length scale (Lr = 3250) based on the 
assumed diameter, and a velocity scale based on peak velocity (Vr = 3.3) a comparison can be 
made between this full-scale event and a velocity time history recorded for the experimentation 
(Fig.7).  
Only the first part of the recorded data shown in Fig.6 can be represented by the 
stationary jet. This part of the flow believed to be due to the impact and passage of the ring 
vortex. Fig.7 shows a reasonable replication of horizontal velocity when recorded 
experimentally at a radial position of X/D=1.0 and an elevation of approximately Z/D=0.004 
(scaled to ~ 5 m). The experimental profile shown is an ensemble average of three individual 
tests. The experimental velocity does not fall to zero along with the full-scale data because the 
measurement probe does not move into the microburst eye region as the full-scale case does 
(this would require translation of the jet or measuring equipment). The experimental data does 
however show that the model lacks significant amounts of turbulence as signified by the smooth 
acceleration to peak opposed to the fluctuations observed in the full-scale data. Despite this, the 
membrane pulsed jet model does produce a flow field, based on the presented data, comparable 
to that recorded during a severe microburst.  
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Andrews AFB microburst, Z=5m 
 
 
 
Fig.7: Comparison between full-scale and 
experimental data measured near the point 
of impact (X/D=1.0) and at an experimental 
height of ~1.5 mm.
3.3 Influence of jet inclination 
 
3.3.1 Steady impinging flow mean results 
 The steady flow case was tested with and without the crowns attached. It was not 
believed that the crown would make a significant difference to the mean steady flow results as 
the additions were not expected to change the direction of the jet, only the orientation of the 
initial vortex ring. This is confirmed in Fig. 8 where the mean Cdw values are calculated using 
Eq.(3). 
 
Fig.8: Influence of jet inclination on mean steady flow windward face drag results. 
 
 It can clearly be seen from Fig.8 that jet inclination affects the upwind region of flow 
most significantly. A distinct reduction in drag force with increased inclination angle is 
observed in this region. This result is expected as the stagnation region moves upwind reducing 
the upwind flow, and the fluid must do more work to turn the steeper angle. Both these facts 
result in smaller wind speeds hence lower pressures at the windward face.  
 Close to the impingement point in the downwind direction, the results for all 
inclinations are similar. At larger radial positions, X/D>1.2D, the inclined jets maintain a higher 
drag coefficient. It can therefore be said that on the downwind side inclining the jet extends the 
region of large loading radially but does not increase or decrease the magnitude of the largest 
mean values. Little difference in mean drag is noted between the two inclination angles. 
  When considering the loading along the transverse Y axis it can be seen that there is 
essentially no difference between results for all tests apart from a small decrease in drag for an 
inclination of 25° at small radial distances. This decrease in drag is caused by the shift in 
location of the stagnation point changing the wind angle of attack, thus slightly reducing the 
induced pressures. The difference shown in Fig.8 however is negligible. 
 For steady flow it can be concluded that as the angle of inclination increases the 
magnitude of drag force decreases on the upwind side, remains constant on the downwind side 
for small radial distances, but increases for larger ones, and remains approximately constant for 
all angles of inclination. As expected the addition of the crown to the end of the jet had almost 
no influence over the results. 
 
3.3.2 Pulsed flow peak results 
 For the pulsed flow only the influence of the first vortex shall be discussed as this is 
considered to be more representative of a thunderstorm’s leading gust front and generally 
causes the largest loading on the structure. The radial region of interest is therefore reduced to 
X/D≤1.5 as after this point the two peaks (vortices) shown in Fig.4 interact. 
 As previously mentioned, three pressure taps were located on the lower windward face 
of each cube and one positioned on the leeward face. The purpose of these taps was to ascertain 
the influence of jet inclination on the low level flow region through a comparison of 
approximated drag coefficients. Cubic models have been used to reduce the number of tests that 
would be required to cover this region with a hot-wire anemometer or cobra probe. Because of 
this approximation drag force coefficients presented should not be considered accurate for the 
specific structure, but should be viewed in a comparative sense only. Notwithstanding it is 
interesting to view the recorded results at each tap for each of the inclination angles. Fig.9 
shows the normalised averaged peak pressures recorded at each tap for the downwind structure 
at X/D=1.2. The pressures have been averaged from five individual runs and normalised with 
respect to the peak windward face drag coefficient so that irrespective of magnitude, the shape 
of the loading profile can be compared for all tests.  
It can be seen from Fig.9 that similar profiles exist for all tests. This trend suggests that 
in the downwind direction the shape over the lower 12 mm (40 m prototype scale) of the cube 
at X/D=1.2 is reasonably constant irrespective of jet inclination. This proved to be true for all 
radial positions but the profile shape became less steep with increasing X/D. The location, 
X/D=1.2, was chosen to be displayed as this point produced the highest pressure coefficients. 
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Fig.9: Averaged peak pressures measured on the downwind cube, X/D=1.2 
 
  Pressures measured at the three windward taps were converted into a single windward 
drag time history for each cube using Eq.(2). An averaged peak from five individual runs was 
calculated for the cubes at each radial position for each inclination angle. Only the windward 
face pressures have been used to ascertain a drag coefficient time history for the pulsed flow, 
thus eliminating the afterbody length of the model (approximately 70 m prototype scale). This 
method allows an analysis of the impact loading of the gust front and does not consider the 
correlation between the windward and leeward faces. This is deemed acceptable as the leading 
vortex flow precedes the impingement induced positive pressure region, therefore does not 
require the summation of windward and leeward faces to remove initial static pressures to 
obtain flow induced drag forces. 
 The averaged peak windward face drag coefficients for the three inclination angles are 
shown in Fig.10(a) for the jet without the crown, and Fig.10(b) for the jet with crown. Refer to 
Fig.2 for the hypothesised flow picture for each case. 
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 Fig.10(a): Averaged peak windward face drag coefficients for the jet with no crown fitted. 
00.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Radial Position (X/D)
A
v
e
ra
g
e
d
 p
e
a
k
 w
in
d
w
a
rd
 p
re
s
s
u
re
 (
C
d
w
)
0 degrees
15 degrees - Crown
25 degrees - Crown
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 0.5 1 1.5 2
Radial Position (Y/D)
A
v
e
ra
g
e
d
 p
e
a
k
 w
in
d
w
a
rd
 p
re
s
s
u
re
 (
C
d
w
)
Fig.10(b): Averaged peak windward face drag coefficients for the jet with the crown fitted. 
Fig.10: Averaged peak windward face drag coefficients for jet with no crown (a) and crown (b) 
fitted. 
 
 In the upwind (-X) direction it can be seen that a distinct decrease in peak drag 
coefficients occurs for increased inclination. This trend is again attributed to the fact that the 
larger the inclination angle, the larger the energy required to turn the flow back along the 
surface. All profiles are observed to peak at X/D=1.2. For the no crown case it can be seen that 
there is approximately a 20% decrease in windward wall drag between 0° and 15° and a further 
10% decrease from 15° to 25°. For the crown case there is approximately a 20% decrease in 
windward wall drag between each of the inclinations tested. It is seen that the profiles for 15° 
and 25° within the crown, or no crown categories have similar shape despite the difference in 
magnitude. There is however a difference between the shape of the crown and no crown cases 
with the no crown drag coefficients increasing close to the impingement point. Reasons for this 
difference are; the addition of the crown changing the hypothesised shape and angle of the 
vortex ring; and the change in separation distance between jet and ground at the upwind edge of 
the jet, Fig.2. The former reason is deemed more important as this alters the position of vortex 
impact with the ground and may alter the size of the vortex. 
 In the downwind (+X) direction a reasonable similarity exists between the profile 
measured for 0° when compared with the upwind direction. The no crown results indicate that 
inclining the jet reduces the peak drag coefficient and moves the peak towards the point of 
impingement. It is considered that this is caused by a reduction in the vortex acceleration during 
impact and divergence as the properties of the vortex ring for 15° and 25° will change after 
impact with the ground when compared to 0°. The deformation of the vortex core may also 
have contributed to the peak moving to X/D=1.0. The crown results indicate inclining the jet 
increases the peak drag coefficient and moves the peak towards the point of impingement. The 
reasons for the differences between the crown and no crown cases are similar to those for the 
upwind side; changing the shape and angle of the vortex ring, and slightly changing the 
separation distance between the jet outlet and the testing surface. The increase in Cdw magnitude 
when the crown case is compared to the no crown case suggests that the initial reorientation of 
the vortex based on the outlet can influence the magnitude of peak observed on the ground. It 
can be seen that the 15° case is similar to the 0° case which appears to show that for small 
inclination angles, the peak loading due to a vortex will not change significantly. This is also 
shown to be true for the side (+Y) cube.  
 The results in the lateral (+Y) direction with no crown are similar to the downwind data 
with the inclined results producing lower pressure coefficients. The inclined peak pressure 
coefficient results with no crown are all lower than the 0° configuration for all inclinations 
tested. Results with the crown at low angles of inclination indicate similar peak drag coefficient 
distributions. This is a similar trend to the downwind case. This suggests that for small 
inclination angles, the design peak results do not vary significantly from the 0° case when a 
crown is added. When looking at the 25° with crown results in the +Y direction a large peak is 
observed at Y/D=1.2 with a sharp decrease after this point. This is similar to the results 
presented for the downwind direction. The +Y results for 25° indicate that the flow field is quite 
different for this inclination angle and without flow visualisation this peak can not be explained, 
but is considered to be caused by a three dimensional effect. 
 Little flow visualisation was available for this experimentation therefore a final check 
has been implemented to determine if the outlet was successful in changing the orientation of 
the leading vortex ring. Fig.11 shows the time difference (Δt) between the gust front impacts at 
the upwind and downwind models for 0.8≤X/D≤1.5. The most important of these results is 
probably X/D=0.8 and 1.0 as this is near the vortex impact with the ground. 
-0.5
0
0.5
1
1.5
2
2.5
0.4 0.6 0.8 1 1.2 1.4 1.6
Radial position (X/D)
Δ
t 
(Δ
t=
tV
/D
)
0 degrees
15 degrees -
No Crown
15 degrees -
Crown
25 degrees -
No Crown
25 degrees -
Crown
  
Fig.11: Differential time (Δt) between gust front impact with the upwind and downwind 
models. 
 
 All results in Fig.11 are averaged results from five individual tests. The radial position 
and time have been normalised against D and Vjet/D respectively. The time between the gust at 
the two models was taken as the time between the first upcross of a specified Cdw in both 
upwind and downwind drag histories. The particular upcross Cdw was test specific but was 
typically on the order of 25%-50% of the downwind peak magnitude. 
 If the impinging vortex ring is parallel to the surface Fig.11 should show a profile that is 
close to zero indicating that the peaks associated with the passage of the vortex impact the two 
models at approximately the same time. As expected this is shown for the 0° case. From Fig.10 
it was seen that the 15° crown case produced similar results to 0°. Fig.11 shows a profile for 
15° crown closest to 0°, with the maximum separation time between gust impact being Δt =1.0, 
or approximately 0.024 seconds. The remaining three profiles all lie in approximately the same 
position which is what was expected as Fig.10 shows that these three profiles all peak in the 
upwind and downwind directions at the same radial locations. Since Δt is largest for these last 
three configurations it is concluded that the vortex ring impacts the surface with the largest 
angle in these cases. Although it is known to the authors that this is not an ideal method for 
determining the angle of the impinging vortex ring, under the circumstances it is believed to be 
an acceptable method for adding weight to the points made based on Fig.10. 
As an interesting side note, while studying the individual time histories for all tests it 
was observed, in the downwind direction, where the peaks are of most importance, an increase 
in the angle of inclination significantly decreases the turbulence of the flow.  
 
4.0 CONCLUSIONS 
 
An impinging air jet has been used to simulate downburst flow and to understand the 
effects of downdraft inclination on the near ground level wind field. The pulsed flow was 
created by using an outlet situated latex membrane which was punctured to produce rapidly 
accelerating flow. The pulsed flow was validated against the wind speed time history recorded 
during the Andrews AFB microburst. The experimental time history showed a similar velocity 
variation with time, but was shown to lack turbulence. 
For a steady jet, increasing the angle of inclination decreased the magnitude of pressures 
in the upwind direction and increased pressures in the downwind direction at large radii. The 
crown was shown to have little influence on any steady state results. 
For the pulsed flow the averaged peak windward face loading profile measured over the 
lower part of the structure was shown to remain relatively constant for all inclination angles 
with and without the crown. When no crown was used inclining the jet reduced the peak 
loading in all directions compared to 0°. The downwind and side directions showed similar 
profiles for 15° and 25° while the upwind decreased with increasing inclination angle. Inclining 
the jet had a slight tendency to move the peak pressures towards the point of impingement. 
When the crown was added to the jet outlet the upwind pressures decreased significantly with 
increasing inclination angle. For the downwind and side regions, an inclination of 15° was 
shown to produce similar results to 0°. The inclusion of a crown to the inclined jet has a 
significant influence on the vortex development and measured pressures.  
A study of the time (Δt) between gust impact with the cube in the upwind and 
downwind directions confirm the results suggested above. The 0° tests shows almost no time 
between gust impact at the two locations with the 15° crown case showing only a small time 
gap between the two. All other temporal profiles showed similar results but with a larger time 
between impact. These series of profiles suggest that the crown was successful in manipulating 
the angle of gust front impingement; however this is difficult to conclude without flow 
visualisation.  
In summary, inclining the jet generally decreases the design pressures, except for pulsed 
flow with the building located downwind or to the side with the crown attached where it can be 
increased by about 5%. 
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